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RECO_[BINATION HEAT TRANSFER

By George M. Prok

_]MMARY

Recombination coefficients for nitrogen and oxygen atoms at metallic oxide

surfaces were determined over a small temperature range. The effect of a Tesla

discharge on the recombination heat transfer at some surfaces was also deter-

mined. The dissociated gases were generated by an S00-watt microwave generator_

and the recombination heat-transfer measurements were made electrically with

thermistors. The recombination coefficient measurements were made at oxide sur-

faces of calcium, copper, chromium, germanium, iron; and zinc. The Tesla dis-

charge effect was determined at metallic surfaces of copper and iron and at

oxide surfaces of calcium, copper, iron, and zinc.

On a relative basis, the recombination coefficients for oxygen atoms at

these surfaces agreed with the results of other investigators. These oxygen

atom results could be correlated on an acid oxide - basic oxide mechanism. The

nitrogen atom results on these surfaces could not be explained by an acid

oxide - basic oxide mechanism, as was possible for the oxygen atom results. The

recombination coefficients were found to increase, decrease3 or remain constant

with increasing temperature, depending on the surface and the recombining atoms.

A Tesla coil discharge was found to have a large effect on the recombination

heat transfer. This effect always caused an 8- to 16-percent decrease in the

recombination heat transfer for oxygen atoms. For nitrogen atoms, the Tesla dis-

charge sometimes caused an increase and sometimes a decrease in the recombination

heat transfer. The largest increase _as 6.4 percent, and the largest decrease

was _S.7 percent. The results of the Tesla discharge indicate that recombination

coefficient measurements may be affected by the discharge used to produce the

atoms.

INTRODUCTION

Since the publication of the work by Linnett and Marsden in early 1956 on

oxygen atom recombination at surfaces_ numerous measurements have been made and



the results published on the recombination of hydrogen, oxygen, and nitrogen
atoms at surfaces (refs. i to 16). Someof these studies deal with the effect
of single crystals and surface preparation (refs. 8 and 15). Other investiga-
tors have mademeasurementson a numberof different surfaces and used the
periodic table and the filling of the d-shell of the transition metals to help
explain their results (refs. 4 and ii). In addition, Greaves and Linnett were
able to correlate someof their results of oxygen atoms at oxide surfaces with
"acidity" or "aikalinity" of the oxide. They found that the less active sur-
faces form acidic oxides, and the more active surfaces form basic oxides.

A general mechanismfor surface catalysis includes adsorption, desorption,
and surface diffusion of the active species and the active sites provided by
the catalytic material (ref. 9). A numberof workers observed that the gas
adsorption on somesurfaces is affected whenthe gas is excited (ref. 17). A
weak Tesla coil discharge will greatly increase the rate of hydrogen adsorption
on zinc oxide even after the surface is saturated with respect to the unexcited
gas (ref. i8). On the other hand, a weak Tesla coil discharge causes a decrease
in the rate of adsorption in an oxygen-iron system and a desorption in an
oxygen-copper system (ref. 19). Since adsorption and desorption are part of the
mechanismin catalysis, the nature of the discharge producing the dissociation
maytherefore have an effect on the numberof atoms recombining at the surface.

Recombination results for nitrogen and oxygen atoms at acidic and basic
oxide surfaces are presented in this report 3 and these results are comparedwith
the work of Greaves and Linnett. The oxides of six metals were tested: three
that form acidic oxides (chromium, germanium, and zinc) and three that form
basic oxides (calcium, copper, and iron).

Results on the effect of a Tesla coil discharge on the recombination heat
transfer with nitrogen and oxygen atoms are also presented in this report.
Measurementsfor this part of the work were madeat surfaces of metallic copper
and iron and at surfaces of calcium oxide, copper oxide, iron oxide, and zinc
oxide.

APPARATUS

The apparatus used is sho_n schematically in figure I. It is a modifica-
tion of that used in earlier work by this author (refs. 7 and 8). Thesemodi-
fications include: (i) an 800-watt power generator for the discharge which
operates at 2450 megacycles per second; (2) a thermostatically controlled water
jacket around the discharge tube to give a range of surface temperatures; (3) a
porous catalytic disk, madeof sintered glass painted with platinum paint, with
a reference or control probe downstreamof this disk; and (4) an improved low-
flow valve for controlling the flow of the test gas.

The test gases used were commercial water-pumpednitrogen and oxygen. The
mass-flow rates are given in table I. These flow rates give a gas velocity
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between 230 to 360 centimeters per second for nitrogen and 190 to SO0 centimeters

per second for oxygen, depe_ding on the gas pressure and temperature.

TABLE I. - TEST CONDITIONS

Test gas

Test gas flow rate_ g/rain

Test pressure, mm Hg

Reynolds number per centimeter

Mass fraction of atoms

Oxygen

0.196 I0. Z49

1.7 2.5

3.001 5.29

0. 018 I0. 017

Nitrogen

0.185 0.526

1.7 2.5

2.82 4.91

0.0079,0.0075
.... j

In this work the atom concentration of both the nitrogen stream and the oxy-

gen stream was required. The nitrogen atom concentration was determined by a gas

titration with nitric oxide (ref. 20), and the oxygen atom concentration w_s

determined by a gas titration with nitrogen dioxide (ref. 21). Since nitrogen

dioxide is a corrosive gas_ the flow rate of titrant gas at the end point of



the titrations _as determined by a pressure-drop method in a completely glass
system. This method consists of measuring the pressure drop per unit time of a
knownvolume of titrant gas. The titration probe was a small-diameter stainless-
steel tube positioned at the axis of the discharge tube and pointed in an up-
stream direction. A commercially available low-flow valve was used to regulate
the flow of titrant gas.

Glass-bead thermistors were used to measurerecombination heat in a manner
similar to that used in reference 8. Thermistor resistances determined w_th an
automatically balancing Wheatstone bridge and the voltage across the bridge cir-
cuit were used for determining the recombination heat transfer (ref. 8). The
test thermistors replaced the titration probe after the completion of the gas
titration (fig. i).

PROCEDURE

The determination of the recombination coefficient of a substance requires
both a gas titration for the atom concentration and recombination heat measure-
ments. The effect caused by a Tesla coil discharge only requires recombination
heat-transfer measurementswith and without a Tesla coil discharge. Table I
lists the various test conditions used for these experiments.

Titration of Atoms

The nitrogen atom concentration was measuredby a titration with nitric
oxide (ref. 20). The determination of the oxygen atom concentration involves
the reaction of oxygen atoms with nitrogen dioxide
taking place during these titrations are:

N + N0 -_N2 + 0

NO + 0 --. N0 2 + _n,-

(ref. 21). The reactions

0 + NO 2 _ NO + 02

[Slow compared with reactions (1) and (2)]

(i)

(3)

In both the determination of nitrogen atoms and oxygen atoms the light-

emitting reaction (eq. (3)) is the indicator for the end point of the titration.

In the titration for nitrogen atoms, reaction (i) takes place until the mole

flow of nitric oxide exceeds that of the nitrogen atoms; then the excess nitric

oxide reacts according to equation (3) with the oxygen atom produced during the

first reaction. Thus, the end point is indicated by the appearance of the emit-

ted light.

Things are a little different for the oxygen atom titration. As soon as

nitrogen dioxide is added to the stream containing oxygen atoms, the reactions

shown by equations (2) and (3) both take place, and light is emitted. When the

mole flow rate of nitrogen dioxide exceeds that of the oxygen atoms, the



light-emitting reaction (eq. (3)) can no longer take place because all the
oxygen atoms are consumed. Therefore_ the end point for the oxygen titration
is reached whenthe emitted light disappears.

The titration for each of the test gases was carried out at one microwave
generator output power and two different gas flow rates and pressures. The
results are presented in table I. The N204_ 2NO2 equilibrium was taken into
account in calculating the oxygen atom concentration (ref. 22).

Under the conditions of these experiments, the flow rate of the titrant
gases at the end point was quite small_ less than 0.013 gramper minute for
nitrogen oxide and 0.007 gram per minute for nitrogen dioxide. Because of these
low flow ratesj the precision of measuring the titration end points was no better
than +-i0 percent.

Recombination Heat Measurements

As was done in someearlier work_ the recombination heat on a test surface
was determined by electrically measuring the difference in heat transfer to the
test surface and a noncatalytic surface with glass-bead thermistors (ref. 8).
This heat-transfer difference equals the heat released by surface recombination.
Glass was used as the noncatalytic standard because it is a poor catalyst for
both nitrogen and oxygen recombination (ref. 16).

For all the Tesla coil experiments_ the Tesla coil discharge was turned
off _nd on several times before the heat-transfer data were taken. This was
done to makesure that any change in the recombination heat transfer was caused
by the Tesla coil discharge. The effect of the strength of the Tesla coil dis-
charge wasmeasuredby varying the input power to the Tesla coil from 0 to 25
watts. As a further check on the reality of the effect_ Tesla coil discharge
tests were also madeon all surfaces with the microwave generator turned off.

Temperature Measurements

The temperature of the test gas was varied over a 17° to 87° C temperature
range by varying the water temperature in the discharge tube water jacket. A
noncatalytic calibrated thermistor wasused to measurethe gas temperature.

Test surface temperatures were governed by the recombination coefficient
of the test material and by the water jacket temperature. The variation of the
water jacket temperature provided at least a 30° C temperature range far the
test surfaces. The temperature of the test surface _as determined from the
resistance of the coated test thermistor.

Surface temperature data for the Tesla discharge experiments followed the
sameTesla coil discharge-off and -on procedure described in the section en-
titled Recombination Heat Measurements.



Test Surface Preparation and Conditioning

The surfaces tested are listed in table II. A newly prepared surface was
madefor each series of tests.

TABLEII. - TESTSURFACESFORRECOMBINATION

COEFFICIENTMEAS_S ANDTESLA

COILTESTS

Test surface

Calcium oxide
Chromiumoxide
Copper
Copperoxide
Germaniumdioxide I (from oxida-

tion of vacuum-evaporated
germanium)

Germaniumdioxide II (from vacuum-
evaporated germaniumdioxide)

Germaniummonoxidea
Iron
Iron oxide
Zinc oxide

Recombination Tesla
coefficient coil
measurement test

Yes Yes
Yes No
No Yes
Yes Yes

Yes No

Yes No
Yes No
No Yes
Yes Yes
Yes No

aFor nitrogen atoms only.

The copper and iron surfaces were prepared by vacuumevaporation of thermo-
couple grade wire from a tungsten filament. The oxides of chromium_copper,
iron, and one of the germaniumoxides (probably germaniumdioxide) were prepared
by oxidation of the vacuum-evaporatedmetal surfaces. Films of copper and iron
were oxidized in a stream of oxygen at about 3SO° C. Higher temperatures were
used for oxidation of the chromiumand germaniumfilms. Vacuumevaporation of
germaniumdioxide gave a surface that was probably germaniummonoxide because of
partial decomposition of the dioxide on the hot tungsten filament. Germanium
monoxide was tested only with nitrogen atoms because a change in the color of
the surface indicated that oxygen atoms quickly oxidized the monoxide to the
dioxide. However_germaniumdioxide formed by the oxidation of germaniummon-
oxide _as tested as a separate surface. Germaniumdioxide prepared from the
monoxide physically appeared to be a muchthicker test surface than that pre-
pared by oxidizing the metal film. (For simplicity, germaniumdioxide prepared
from oxidized germaniummetal will be called germaniumdioxide I, and germanium
oxide prepared from oxidized germaniummonoxide will be called germanium
dioxide II.)



Zinc oxide films were prepared by vacuumevaporation of zinc oxide followed
by heating the surface to 350° C in an oxygen stream. This last step madesure
the surface w_s completely oxidized because somedecomposition may have taken
place during the vacuumevaporation.

Evaporation of lime water on a test thermistor bead provided the calcium
oxide surface. This was followed by heating of the calcium oxide surface in the
oxidizing part of a bunsen flame.

Tests on the oxide surfaces were always preceded by about 3 hours of oxygen
atom bombardment. This was done to condition the test surface so that no sur-
face changes would take place during the experimental measurements(ref. 7).
For the calcium oxide surface, it was found that the atom bombardmenthad to
include at least i hour of bombardmentwith nitrogen atoms to prevent erratic
results. Erratic results meanthat the oxygen atom data could not be repeated
after the nitrogen data were taken. After the initial atom bombardmentof these
oxides_ the recombination heat measurementswere made. The oxygen atom tests
were madefirst, and then the tests with the nitrogen atoms were made. A re-
check of several points of the oxygen atom tests always followed the nitrogen
atom tests to makesure the test surface did not change.

The conditioning of the two metallic surfaces_ copper and iron_ was done
with 3 hours of nitrogen atom bombardment,because oxygen atom bombardmentwould
oxidize the surface. For the samereason, the recombination heat-transfer meas-
urements were madefirst with nitrogen atoms and then with oxygen atoms. Data
for the oxygen atom tests on these two surfaces were taken rapidly before com-
plete oxidation of the surface was accomplished. No recheck of the nitrogen
atom tests was madewith these surfaces because of observable surface oxidation.

Since it is important for comparisons that the nitrogen and oxygen atom re-
sults be for the samesurface, all the tests on a given surface were completed
in i day.

CAICUI_TIONS

The recombination coefficient y is defined as

gi - gr
y -

gi

and is calculated from the following equations from reference 8:

P_'2_R 2ms +Tl+ms
i 1G
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2P fTms/
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binary diffusion coefficient

test thermistor diameter

net mass flux of atoms

number of atoms striking unit surface per second

number of atoms reflected from unit surface per second

molecular weight of atoms

mass fraction of atoms at surface

mass fraction of atoms at stream

mass transfer Nusselt number

pressure

gas constant

Reynolds number

Schmidt number

surface temperature

gas density

The derivation of equation (4) is given in reference 8, and equation (5)

comes from reference 23. The binary diffusion coefficient DI2 and the vis-
cosity used in calculating Sc and Re were determined from the alignment
charts in reference 24.

(5)

PRECISION

The factor that has the greatest effect on the precision of the recombina-

tion coefficients is the precision of the gas titration. For the more catalytic

surfaces, the ±10-percent reproducibility in the titration can cause the vari-

ation in the reproducibility of the recombination coefficient to be as high as

±30 percent. Also, since glass is used as a noncatalyst reference, there could

be significant errors in the measurement of the recombination heat on the

8



surfaces only slightly more catalytic than glass. Whenconsidering these and
other less significant sources of error, it is felt that the precision of the
recombination coefficient results is no better than +30 percent. Other workers

also have found the percent deviation in their reported results to be quite high

(refs. 2 and 12).

It has been reported in the literature that in an electrodeiess discharge

several percent of the active species consists of metastable oxygen in the

iz_g state, which has an energy of almost iev (ref. 25). However, under the

conditions of the present experiment, the titration is still the biggest source
of error.

Because of the off-on technique described in the PROCEDURE section, the

recombination heat-transfer measurements for the Tes!a discharge experiments
are quite precise. The voltage across the bridge circuit could be measured to

better than 1-percent accuracy, and the thermistor resistance could be measured

to +i ohm.

RESULTS

Recombination Coefficients

The results of the recombination coefficient measurements as a function of

temperature are shown in figure 2 for oxygen atoms and nitrogen atoms. The test

surfaces that were found to be about as noncatalytic as glass toward either of

the atomic species are listed in table ili. The reference 4 results for oxygen

atoms with these same surfaces at room temperature are plotted in figure 2(a) if

they were found to be good catalysts or are listed in table III if they were

found to be poor catalysts.

TABLE III. - TEST SURFACES THAT ARE AS

NONCATALYTiC AS A GLASS SURFACE

Test surface

Chromium oxide

Germanium dioxide I

Germanium dioxide !I

Zinc oxide a

Recombining

atoms

Oxygen atoms

Oxygen atoms

Nitrogen atoms

Reference 4

value for

oxygen atoms

2.5xlO -4

I. 3><10-4

4.4XlO -4

aAlthough in this work zinc oxide was not found

to be as noncs talytic as glass, it is placed

in this table to give published results of
ref. 4 for comparison.



Becausethe plotting of all the data points could cause figure 2 to be con-
fusing, the data points for only one surface are plotted in each figure. In
figure 2(a) the points are for iron oxide_ in figure 2(b) the points are for

o

o

°

.oo 
]_i _l(ref" 4)-_rZ_inc oxide ____

• OOl ........

!

500 320 34O280 _00 320 340 560 380 480 560 580

Tempcrature, oK

(a) Oxygen atoms. (b) Nitrogen atoms,

Figure 2. - Effect of temDerature on recombination coefficient.

!

4O0 '_20

calcium oxide. Each point is the average of two or three determinations. Since

reference 8 reports that the recombination coefficient is independent of pres-

sure and atom concentration_ the lines were drawn between the points because the

three points to the right are for one set of pressure and atom concentration

conditions and the three points to the left are for another set (table Y). It

can be seen quite clearly in figure 2(a) that the line drawn would be parallel

to the lines drawn through the points for each test condition. The reason for

this deviation is the ±lO-percent expected error in the gas titration.

For the recombination of oxygen atom, it was found that_ in general, the

order of catalytic activity is copper oxide > iron oxide > germanium dioxide II

zinc oxide > calcium oxide with both chromium oxide and germanium dioxide

as the poorest catalysts (fig. 2(a) and table III). The activity of the four

best catalysts was found to decrease with increasing temperature. The activity

of calcium oxide did not change with temperature.

Germanium dioxide I was the only oxide found to be as poor a catalyst as

glass for nitrogen atoms (table Iii). In the temperature range tested, copper

i0



oxide, zinc oxide, iron oxide, germaniumdioxide !I_ and calcium oxide were
found to have roughly the samecatalytic efficiency for nitrogen atoms
(fig. 2(b)), namely, about 2 to 9 percent. The efficiencies of germaniummon-
oxide and chromiumoxide were intermediate in range, less than i percent. Un-
like the oxygen recombination results_ most of the oxides show an increase in
the recombination coefficient with temperature for nitrogen atoms. 0nly copper
oxide and chromiumoxide show a negative temperature dependence.

Effect of a Tesla Discharge

The effect caused by a maximuminput power of 25 watts to the Tesla coil on
recombination heat transfer of the various surfaces tested is listed in table IV.

TABLEIV. - MAX]]TCMPERCENTCHANGEIN RECOMBINATION

HEATTRANSFERCAUSEDBY A TESLAC01LDISCHARGE

Test surface

Calcium oxide
Copper
Copper oxide
Iron
Iron oxide
Zinc oxide

Oxygen

1.7 mmHg
test

pressure,
percent

-9.1
-9.7

-12.5
-i0. I
-!4.6
-15.6

2.5 _m_ Hg
test

pressur%

per cent

-i0.0

-I_. 5

-18.4

-8. Z

-12.2

-16.5

Nitrogen

1.7 mm Hg

test

pressure,

percent

+5.5

-35.6

-45.7

-39.5

-30.2

+6.4

2.5 mm Hg
test

_ressur%

percent

+2.1

-17.0

-23.0

-19.8

-17.6

+2.4

The negative signs indicate a decrease in heat transfer] the positive signs in-

dicate an increase. The change in recombination heat transfer as a function of

the strength of the Tesla discharge is shown in figure Z(a) for oxygen atoms and

in figure 5(b) for nitrogen atoms. This effect in recombination heat transfer

would affect the recombination coefficient by about the same amount. Since a

change in recombination heat transfer causes the test surface temperature to

change accordingly_ the Tesla coil discharge also causes an effect on the sur-

face temperature (fig. 4). This surface temperature effect is important in the

catalytic-differential probe technique for measuring atom concentrations

(ref.2G).

The Tesla discharge in a stream containing oxygen atoms always caused a

decrease in the recombination heat transfer. The degree of this decrease de-

pends on the surface and the pressure with measurements made at pressures of

Ii
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1.7 and 2.5 millimeters of mercury (table IV). The Tesla discharge effect on
calcium oxide and zinc oxide did not changemuchwith increasing pressure. Cal-
cium oxide changed from -9.1 to -i0.0 percent, and zinc oxide changedfrom -15.6
to -16.5 percent. Both copper and copper oxide showeda greater effect by the
Tes!a discharge at the higher test pressure with copper varying from -9.7 to
-14.5 percent and copper oxide varying from -12.3 to 18.4 percent. Onthe other
hand, iron and iron oxide showedthat the Tesla discharge had a greater effect
at the lower pressure with -I0.i percent against -8.3 percent for iron and
-I$.6 percent against -12.2 percent for iron oxide. Sometimesthe effect of the
discharge leveled off at a low input power to the Tes!a coil (5.0 w for a zinc
surface and i0.0 w for a calcium oxide surface), and sometimes it continued to
increase with increasing input power (e.g., iron and iron oxide, figs. 3(s) and
4(a)).

With nitrogen atoms_ the Tesla coil discharge always showed a greater

effect at the lower pressure (1.7 mm Hg) than at the higher pressure (2.5 mm Hg)

(table IV). An increase in recombination heat transfer was caused by the Tesla

discharge for nitrogen atoms at surfaces of zinc oxide and calcium oxide. How-

ever, as in the case for oxygen atoms, the Tesla discharge reduced the recombi-

nation of nitrogen atoms at surfaces of copper, copper oxide, iron, and iron

oxide. The increase in recombination heat transfer for the calcium oxide and

zinc oxide w_s, respectively, +3.5 and +6.4 percent at the lower test pressure

and +2.1 snd +2.4 percent at the higher test pressure. The greatest effect pro-

duced was the decrease in nitrogen atom recombination at a copper oxide surface,

which was -43.7 percent at 1.7 millimeters of mercury and -23.0 percent at 2.5

millimeters of mercury. Rather large effects were also observed for surfaces of

copper (-35.6 and 17.0 percent), iron (-39.5 and 19.8 percent), and iron oxide

(-30.2 and -17.6 percent). A maximum effect of a Tesla discharge was observed

for zinc oxide and calcium oxide when the input power to the Tesla coil was

nearly at its maximum of 25 watts (fig. 3(b)). The curves for iron oxide, iron,

copper, and copper oxide in figures 3(b) and _(b) show that at the maximum Tesla

input power of 25 watts the effect of the Tesla discharge has not leveled off.

To make sure these Tesla discharge effects were not false electrical ef-

fects, qualitative measurements were made at each of the test surfaces on the

effect of the Tesla discharge in an undissociated gas. These measurements

showed that the Tesla discharge itself always caused a slight heating of the

test surface. Measurements with a time-of-flight mass spectrometer showed that

a Tesla coil discharge increased the atom concentration of a dissociated oxygen

or nitrogen stream by a factor of about 1.05. Consequently, the heating of the

test surface caused by the Tesla discharge itself could be due to catalytic re-

combination at the surface.

To make the picture complet% qualitative measurements of the Tesla dis-

charge effect were made on glass, and some measurements with hydrogen atoms were

made on zinc oxide and copper oxide. The discharge had no effect on the glass

measurements with either nitrogen or oxygen as the test gas. For the hydrogen

atoms, both zinc oxide and copper oxide showed only a slight increase in heat

transfer.

13



DISCUSSIONOFRESULTS

The relative order of catalytic efficiency for oxygen atoms in the present
results is copper oxide > iron oxide > germaniumdioxide II > zinc oxide > cal-
cium oxide > chromium oxide and germaniumdioxide I (fig. 2(a) and table III).
With the germaniumoxide prepared from oxidized metallic germanium(germanium
dioxide I), these results compare, on a relative basis, quite well with those of
Greaves and Linnett (ref. 4). Whenabsolute numbersare compared, however, the
values of reference 4 are generally much lower than those presented here.
Hoenig, in his atomic beamstudies of oxygen atom recombination (ref. 15), finds
that his measuredrecombination efficiencies are sometimesmuchhigher than taose
of other investigators. In reference 4 the recombination coefficients determined
by the side-arm method gave different results whena Wrede-Harteck gage measured
the atom concentration than whena thermocouple wasused. For example, magne-
sium oxide had a y value that was increased by a factor of 8 using the Wrede-
Harteck gage. On the other hand_y for lead oxide showeda factor of 9 de-
crease with the Wrede-Harteck gage.

These differences in the measuredvalue of recombination coefficients by
the various investigators could be explained by the different experimental tech-
niques. However, a more probable explanation is a difference in the actual sur-
face tested. This surface variation is especially likely for vacuum-evaporated
thin films (ref. 27). Reference 8 repor%s that a copper film i micron thick has
a y value three times that of a copper film 0.5 micron thick. In the present

work, the thicker germanium dioxide ii film (which, by the color of the film,

appears to be the same oxide as germanium dioxide I) gave a _ that was orders

of magnitude greater than that of germanium dioxide I.

Figure 2(b) shows that nitrogen atom recombination at oxide surfaces is not

explained by Greaves and Linnett's mechanism of acidic and basic oxides. Neither

does the position of the metal in the periodic table nor the filling of the d-

shell explain these results. 0nly a general type mechanism including adsorption

and desorption, as proposed in reference 9_ seems appropriate.

The germanium dioxide II surface is much more catalytic than the germanium

monoxide. Although the nitrogen atom ]_ was only determined for the two oxides

of this one metal, these results do suggest a possible nitrogen-oxygen bond

mechanism for adsorption of nitrogen atoms.

Most of the surfaces showed an increase with temperature in catalytic

activity for nitrogen atom recombination (fig. 2(b). Other workers, in general,

have also reported that the catal$4ic efficiencies of surfaces either increase

with temperature or remain constant (refs. 8, 9, !0, and IE). The results for

nitrogen atoms at two of the test surfaces and oxygen atoms at most of the test

surfaces showed a decrease in T with temperature (fig. 2). Most other inves-

tigators have not observed such a decrease in catalytic activity with in-

creasing temperature. Reference ! did observe this effect with a catalytic

thermocouple probe. This effect was also observed in reference 12 with hydrogen

14



at someof the surfaces tested_ however, this effect was attributed to a change
in the surface by poisoning of the surface or dissolving of the hydrogen by the
surface.

The fact that the catalytic efficiencies of surfaces can increase, decrease,
or remain constant with increasing temperature suggests that the overall effect
of temperature on adsorption of atoms, desorption of atoms, and desorption of
recombined molecules is the important factor. In other words_ the temperature
effect is not simply a direct effect on the rate of the recombination reaction
itself.

The reduction in catalytic activity caused by a Tesla discharge (figs. 3
and 4) and the Tesla discharge effects on surface adsorption (refs. iS and 19)
further indicate the importance of adsorption and desorption on the recombina-
tion coefficient. The increase in recombination heat of nitrogen atoms at sur-
faces of zinc oxide or calcium oxide could be caused by the increased atom con-
centration. However, a decrease in the desorption rate of adsorbed atoms or an
increase in the desorption rate of recombined molecules should not be ruled out.

If the adsorption results reported in reference 18 are considered_ the qual-
itative results on the effect of a Tesla discharge on hydrogen recombination heat
transfer at surfaces were not anticipated. One explanation could be that the
Tesla discharge decreases the rate of desorption of recombined hydrogen without
affecting the chemisorption kinetics of the hydrogen atoms.

Fromthe Tesla discharge results, it seemspossible that the nature of the
discharge producing a dissociated gas for surface recombination studies can
affect the results. At radio frequencies the spreading of the discharge indi-
cates the existence of ions similar to those produced by a Tesla discharge.
Since the frequencies of the discharges used by the various investigators are
almost as numerousas the investigators_ someof the discrepancies amongthe
published results maybe caused by this poorly understood and previously unrec-
ognized variable.

CONCLUSIONS

Recombination coefficient measurementsat the surface of somemetallic
oxides were determined for nitrogen and oxygen atoms. Also, the effect of a
Tesla coil discharge on recombination heat transfer was determined. The fol-
lowing conclusions were reached:

i. Nitrogen atom recombination at oxide surfaces cannot be explained by an
acidic - basic oxide mechanismsuccessfully invoked for oxygen-atomrecombina-
tion. Neither does the periodic table nor the filling of the d-shell for the
transition metals explain the nitrogen atom results.

2. The recombination efficiency of a surface may increase, decrease, or
remain constant with increasing temperature. The kinetics of the chemisorption
processes will determine the temperature effect.
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5. A Tesla coil discharge affects the numberof atoms recombining at a sur-
face. The degree and direction of this effect depend on the surface and type of
atoms.

4. The thickness of an evaporated film of test material and the nature of
the discharge producing the dissociated test gas are important in surface catal-
ysis and may strongly influence measuredrecombination efficiencies.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland, Ohio, September20, 1962
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